All living organisms must repair DNA double-stranded breaks (DSBs) in order to survive. Many bacteria rely on nonhomologous end joining (NHEJ) when only a single copy of the genome is available and maintain NHEJ pathways with a minimum of two proteins. In this issue, Bhattarai and colleagues identify additional factors that can work together to aid in survival of stationary-phase cells with chromosomal breaks.
In this issue, Bhattarai and colleagues have addressed these problems by altering their experimental approach (16) . Previous studies transformed bacteria with a digested plasmid and assayed for recircularization (15) . Without any homology between the plasmid and the genome, ligation can occur only through NHEJ, allowing this pathway to be tested directly. Despite the utility of this approach, it presents the cell with DSB ends that do not require modification before ligation. Bhattarai et al. instead monitored survival of Mycobacterium smegmatis cells that were exposed to ionizing radiation (IR), a form of damage likely to generate DSBs with variable structures.
Role of LigD in chromosomal DSB repair. Bhattarai and colleagues confirmed that although deleting either Ku or LigD renders stationary M. smegmatis cells hypersensitive to IR, a higher fraction of ⌬ligD mutants than ⌬Ku mutants survived due to a LigD-independent NHEJ pathway, as previously suggested (6) . Inactivating the POL domain of LigD was as detrimental to cell survival as deleting the entire enzyme, suggesting that it is required to process all DSBs induced by IR. Intriguingly, expressing the isolated LigD-POL domain in the ⌬ligD mutant enhanced viability. Therefore, not only does this polymerase support the LigD ligase activity to which it is physically associated in a wildtype cell, but LigD-POL also supports the backup ligase that operates when LigD-LIG is not able to perform its function.
M. smegmatis has three additional ATP-dependent ligases that could potentially substitute for LigD-LIG activity in the backup pathway: LigC1, LigC2, and LigB. The authors show that only LigC1 is required, which is also stimulated by the presence of a 3= ribonucleotide at the nick (12) . Therefore, the role of the LigD-POL domain in the backup pathway may be to supply the critical 3= ribonucleotide signal for LigC1. This model is supported by experiments in which Bhattarai and colleagues deleted two additional polymerases, PolD1 and PolD2, which also preferentially utilize NTPs over dNTPs (17) . Cells that lack all three polymerase activities are unable to engage the backup pathway and behaved similarly to a ⌬Ku mutant when exposed to IR. However, LigD-POL is also responsible for binding to Ku at the site of damage, and therefore it cannot be ruled out that this domain helps recruit LigC1 in addition to providing the ribonucleotide (18) .
Alternative ligases in NHEJ. An intriguing result of these experiments is that LigC1 but not the homologous LigC2 enzyme supports backup NHEJ in a LigD-LIG point mutant. The authors clearly demonstrate that LigC2 is expressed but not maintained in vivo. Indeed, expression of the M. tuberculosis LigC enzyme, which is closely related to LigC2, partially restores NHEJ activity in M. smegmatis cells lacking all four endogenous ATP-dependent ligases. Consequently, LigC2-like enzymes per se are not restricted from participating in NHEJ if present at adequate levels in the cell. It will be interesting to determine if different conditions can alleviate the negative regulation of LigC2 in M. smegmatis and reveal an additional layer of redundancy in NHEJ.
This work clearly shows that the NHEJ pathway in M. smegmatis is more complex than the minimal Ku-LigD system thought to operate in bacteria (19) . Instead, it may be more instructive to view NHEJ as consisting of a minimal number of activities, each of which is supplied by more than one protein. The recognition of the DSB by the Ku homodimer is strictly required, as is the generation of a single ribonucleotide at the 3= end of the nick by a specialized polymerase (either LigD-POL, PolD1, or PolD2) and sealing of the DNA backbone by an ATP-dependent ligase (LigD-LIG, LigC1, or perhaps LigC2). Furthermore, whether LigC-type enzymes function in a truly alternative pathway in vivo is not yet clear. While the system used by Bhattarai and colleagues allowed for the identification of factors that function in NHEJ, the relative contribution of each protein awaits further experimentation with other clastogens. LigC1 clearly supports NHEJ after IR exposure if LigD ligase activity is not available (Fig. 1B) , and deleting this enzyme does not impact viability in wild-type cells, which suggests it operates only as a backup. However, under different conditions, LigC1 may also act in concert with functional LigD to facilitate the repair of lesions not represented by IR-induced DSBs (Fig. 1C) . Indeed, this situation would mirror the eukaryotic system, where DSB repair involves multiple pathways that functionally overlap. This flexibility may be a direct consequence of the heterogeneous nature of DSBs that must be contended with by all domains of life.
